Abstract: Simple sequence repeats (SSRs) or microsatellites are very useful molecular markers, owing to their locus-specific codominant and multiallelic nature, high abundance in the genome, and high rates of transferability across species. The soybean aphid (Aphis glycines Matsumura) has become the most damaging insect pest of soybean (Glycine max (L.) Merr.) in North America, since it was first found in the Midwest of the United States in 2000. Biotypes of the soybean aphid capable of colonizing newly developed aphid-resistant soybean cultivars have been recently discovered. Genetic resources, including molecular markers, to study soybean aphids are severely lacking. Recently developed next generation sequencing platforms offer opportunities for high-throughput and inexpensive genome sequencing and rapid marker development. The objectives of this study were (i) to develop and characterize genomic SSR markers from soybean aphid genomic sequences generated by next generation sequencing technology and (ii) to evaluate the utility of the SSRs for genetic diversity or relationship analyses. In total 128 SSR primer pairs were designed from sequences generated by Illumina GAII from a reduced representation library of A. glycines. Nearly 94% (120) of the primer pairs amplified SSR alleles of expected size and 24 SSR loci were polymorphic among three aphid samples from three populations. The polymorphic SSRs were successfully used to differentiate among 24 soybean aphids from Ohio and South Dakota. Sequencing of PCR products of two SSR markers from four aphid samples revealed that the allelic polymorphism was due to variation in the SSR repeats among the aphids. These markers should be particularly useful for genetic differentiation among aphids collected from soybean fields at different localities and regions. These SSR markers provide the soybean aphid research community with the first set of PCR-based codominant markers developed from the genomic sequences of A. glycines.
Introduction
Many different molecular markers have been developed and utilized for identification and exploitation of genetic variation in various species. Of these markers, simple sequence repeats (SSRs) or microsatellites are very useful molecular markers, owing to their locus-specific codominant and multiallelic nature, high abundance in the genome, and high rates of transferability across species (Saha et al. 2006; Aggarwal et al. 2007 ). Indeed, SSR markers have been widely used in molecular mapping of important genes in many organisms, marker-assisted selection (MAS) in breeding, genetic diversity and distance evaluation, genome-wide association analysis, and comparative genetics (Yu et al. 2004; Jena and Mackill 2008; Jun et al. 2008; Kim et al. 2008a; Mian et al. 2008) .
SSR markers were commonly known to exist only in the noncoding genomic regions before the discovery of microsatellites derived from transcribed regions of genomes, including protein-coding genes and expressed sequence tags (ESTs) (Li et al. 2004; Choudhary et al. 2009 ). Especially, as EST databases are rapidly becoming a powerful resource to develop SSR markers, a large number of SSR markers from ESTs have been developed and utilized in diverse species such as tall fescue (Festuca arundinacea Schreb.) (Saha et al. 2004) , coffee (Coffea arabica L.) (Aggarwal et al. 2007 ), beetle (Diabrotica virgifera LeConte) (Kim et al. 2008a) , brassica (Brassica oleracea L.) (Iniguez-Luy et al. 2008) , coral (Acropora millepora Ehrenberg) ), and chickpea (Cicer arietinum L.) (Choudhary et al. 2009 ). These SSR markers, known as EST-SSRs or genic SSRs, are expected to be associated with coding regions and, therefore, represent functional molecular markers controlling gene expression (Ayers et al. 1997; Choudhary et al. 2009 ). But, the disadvantages of EST-SSRs are that they are more conserved and usually exist in the gene-rich regions of the genome as compared with genomic SSRs that show high polymorphism and are widely distributed across the genome (Saha et al. 2006) .
Although the development of genomic SSR markers is an alternative approach in most species where EST or sequence databases are not well developed, the traditional process of developing SSR markers is time consuming and expensive because of the preparing of genomic libraries and sequencing of a large number of clones containing SSR regions (Squirrell et al. 2003; Eujayl et al. 2004; Iniguez-Luy et al. 2008 ). However, recently developed next generation sequencing platforms such as Illumina's genome analyzer (GA), ABI's SOLiD, and Roche's 454 GS FLX facilitate high-throughput genome sequencing, generating gigabases of sequence data in a few days for a few thousand US dollars (Holt and Jones 2008) . Although these technologies have been primarily used for resequencing of entire genomes in well-established species using their reference genomes, they can also generate contigs from short reads without a reference sequence (Farrer et al. 2009; Varshney et al. 2009 ). Therefore, this de novo sequencing would be useful for developing large numbers of genetic markers including genomic SSR markers in organisms not having adequate databases.
The soybean aphid (Aphis glycines Matsumura) has become the most damaging insect pest influencing soybean yield directly in North America since it was first discovered in the Midwest of USA in 2000 (Ragsdale et al. 2004; Kim et al. 2008b; Zhang et al. 2009 ). Serious yield losses of more than 50% attributed to the soybean aphid were reported in Minnesota in 2001 and up to 58% in China (Ostlie 2002; Wang et al. 1996) . In addition, soybean aphids can transmit several plant viruses such as Alfalfa mosaic virus, Soybean dwarf virus, and Soybean mosaic virus to soybean (Iwaki et al. 1980; Hartman et al. 2001; Hill et al. 2001; Mueller and Grau 2007) . Therefore, the invasion of the soybean aphid can reduce not only the total yield but the seed quality, which is a primary issue for food-grade soybeans.
Host plant resistance is a promising control method that allows for the decreased use of chemical application and integration of biological control, and that is consistent with specialty and organic soybean production. Aphid-resistant soybean cultivars with single gene (e.g., Rag1 and Rag2) resistance have been developed and cultivars with the Rag1 gene became commercially available in 2010. However, soybean aphid biotypes (Biotype-2) capable of defeating the Rag1 gene have been found in Ohio (Kim et al. 2008b) . The presence of such soybean aphid biotypes decreases the utility and effectiveness of host plant resistance. Successful deployment of soybean aphid-resistant genes depends on their use in areas where certain biotypes do not exist or where they are less likely to develop. Currently there is no convenient method for differentiation of soybean aphid biotypes. It is very difficult, if not impossible, to distinguish the biotypes by their phenotypes. Therefore, codominant PCR markers such as microsatellites can be very useful for genetic differentiation of soybean aphid biotypes. Also, determining overall genetic diversity and population structure among soybean aphids found in different parts of North America and around the world will be very useful for soybean scientists and entomologists.
To the best of our knowledge, currently there is no SSR marker available that has been developed from the genome of A. glycines. The objectives of this study were (i) to develop and characterize genomic SSR markers from soybean aphid genomic sequences generated by next generation sequencing technology and (ii) to evaluate the utility of the SSRs for genetic diversity or relationship analyses.
Materials and methods

Sequence data sources
DNA was extracted from 25-30 aphids of the Biotype-2 laboratory population using the OMEGA EZNA DNA tissue kit (Omega Bio-Tek Inc., Norcross, Georgia) following manufacturer's instructions. Whole extractions (5 µg DNA) were digested with 25 U of EcoR1 in a total of 25 µL. Digestions were run overnight to ensure complete digestions. DNA was then electrophoresed in a 1% agarose gel, and the 2-3 kb fragments were extracted and purified using the QIAquick gel extraction kit (QIAGEN Inc., Valencia, California) . Three separate pools of 5 µg digestions were performed to obtain a total of 1 µg DNA after gel extraction and purification. DNA was fragmented into 200 bp using the Adaptive Focused Acoustics technology from Covaris™ (Woburn, Massachusetts) and then purified using QIAquick PCR purification kit (QIAGEN).
About 1 µg of the 200 bp DNA sample was used to prepare an Illumina paired-end library using a paired-end sequencing sample preparation kit (Illumina Inc., San Diego, California) following manufacturer's instructions. Briefly, the DNA fragments were end-repaired and A bases were added to the 3′-end of the DNA fragments, followed by the ligation of Illumina adapters. After purification, a 10-cycle enrichment of the adapter-modified fragments was performed. The library was validated by measuring absorbance ratios (260 nm/280 nm) using a Nanodrop D-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware) and TBE -polyacrylamide gel electrophoresis. The validated library was sequenced at the Molecular Cellular Imaging Center of the Ohio Agricultural Research and Development Center (OARDC) using an Illumina GAII.
A total of 248 633 654 nucleotide base pairs that formed 56 688 contigs were obtained from 2 437 477 paired-end reads that were each 75 bp in length from Illumina GAII sequencing of the soybean aphid. Assembly of paired reads was performed using VELVET 0.7 (Zerbino and Birney 2008) . Of the 56 688 contigs, 1 240 (2.2%) with a cutoff of 500 bp were used to identify SSR motifs for this study.
SSR marker development
A total of 1 240 contigs were used to identify perfect di-, tri-, tetra-, and pentanucleotide motifs with a minimum of 8, 5, 4, and 4 repeats, respectively. The search for motifs was accomplished by the msatcommander 0.8.1 program (Faircloth 2008) . PCR primer pairs were designed from the sequences flanking SSRs using the Primer 3 software (http:// frodo.wi.mit.edu/primer3/) only for di-and trinucleotide motifs. The primary parameters for primer design were as follows: divide PCR product by size into three groups (100-170, 190-250, and 280-400 bp) for multiplex analysis, primer length from 18 to 25 bp with 20 bp as the optimum, optimum annealing temperature of 60°C having a difference within 1°C between forward and reverse primer, and GC content from 40% to 60% with 50% as optimum. All forward primers had the universal M13 sequence (CACGACGTTG-TAAAACGAC) at their 5′ end (Schuelke 2000) . The primers were synthesized by Integrated DNA Technologies, Inc. (Coraville, Iowa).
Soybean aphid samples and DNA isolation
The DNA of adult soybean aphids collected in 2009 from Ohio (OH), Illinois (IL), and Minnesota (MN) were used as templates for the initial characterization (e.g., PCR amplification, product size estimate, potential for polymorphism). For this initial characterization, we created three sets of pooled DNA, grouped by collection state (OH, IL, or MN) with each set consisting of at least 10 aphids from an individual soybean field. Each adult aphid was collected from a different soybean plant in the field to capture the diversity of aphids. This pooling was necessary to have enough DNA template to test and retest all primers using an identical DNA template for each state.
For the within population genetic diversity and relationship analyses, 12 individual soybean aphids were sampled from both the Biotype-2 colony (OH) and South Dakota (SD). The 12 OH aphids were collected from a laboratory colony that was started with limited (<50) individuals, all collected from a field at OARDC, Wooster, Ohio, in 2005. These aphids were found to be virulent to Rag1. The 12 SD individuals, however, were randomly collected from a soybean field restricted by collecting only one aphid per plant to limit the possibility of including clones. The aphids for the SSR diversity were selected to compare the genetic diversity of aphids in a long term lab colony (OH) with the diversity of aphids collected directly from a soybean field (SD). DNA was extracted from individuals using the QuickExtract TM seed DNA extraction solution (EPICENTRE, Madison, Wisconsin) according to the manufacturer's protocol.
PCR condition, allele sizing of SSRs, and sequencing PCR amplifications were performed in 20 µL reactions containing 50-100 ng of template DNA, 1× PCR buffer, 2.5 mmol/L Mg 2+ , 200 mmol/L dNTP, 50 nmol/L M13 forward primer, 100 nmol/L M13 reverse primer, 100 nmol/L of M13 dye, and 1 U of Taq DNA polymerase (GenScript USA Inc., Piscataway, New Jersey). The PCR cycles consisted of initial denaturation at 95°C for 5 min; followed by 32 cycles of 40 s denaturation at 94°C, 40 s annealing temperature between 52.5 and 57°C depending on the optimum annealing temperature for each primer pair, and 1 min extension at 72°C; and then followed by 8 cycles of 40 s denaturation at 94°C, 40 s annealing at 53°C, and 1 min extension at 72°C. The PCR reaction was finished with a final 10 min extension at 72°C on a thermal cycler (model TC-512; Techne Inc., Burlington, New Jersey). Multiplex fragment analysis and allele sizing were performed using the CEQ 8800 genetic analyzer and software, respectively (Beckman Coulter, Fulerton, California).
Two SSR markers (Ag-SSR44 and Ag-SSR109) that showed length polymorphism with single clean band in the initial screen of the three aphid samples were selected to reveal the source of length variation among PCR products. PCR products amplified by the two SSR markers in four DNA samples (one each from IL, OH, MN, and Ontario (ON) were sequenced. For the BigDye terminator cycle sequencing, the PCR products were directly purified from the PCR reaction using a QIAquick PCR purification kit (QIA-GEN Inc.). Sequencing was performed in both directions of forward and reverse using the ABI Prism 3100 genetic analyzer (Functional Biosciences, Madison, Wisconsin), and the sequences from each aphid sample were aligned using CodonCode Aligner 3.5.1 demo version (http://www.codoncode.com/aligner/) and ClustalW multiple alignment of BioEdit Sequence Alignment Editor 7.0.9 softwares (Hall 1999) .
Genetic diversity analysis
Polymorphism information content (PIC) value (Anderson et al. 1993; Eujayl et al. 2004 ) was calculated using the formula
where P ij is the frequency of the jth allele for the ith locus and n is the total number of alleles detected in the ith locus. For each marker, allelic richness (R s ), observed heterozygosity (H o ), and expected heterozygosity (H e ) were calculated using the program FSTAT (Goudet 1995 (Goudet , 2001 ). HardyWeinberg disequilibrium was also calculated using FSTAT, using 10 000 random permutations. The SSR allelic data were converted into binary code as 1 (present) or 0 (absent) for each of the aphid individuals to evaluate the genetic relationship. The genetic similarity among the aphids was determined using Dice coefficient (Dice 1945) . The unweighted pair group method with arithmetic average (UPGMA) clustering method based on similarity coefficients was used to construct the UPGMA dendrogram using the SAHN module of the NTSYS-pc 2.2 software package (Rohlf 1998) .
Results
Characteristics of soybean aphid genomic SSRs A total of 308 SSRs in 257 contigs were detected from the 1240 contigs searched for SSRs. Thus, approximately 20.7% of the contigs had SSRs and 44 contigs (3.5%) contained more than one SSR. The trinucleotide motifs were the most abundant type of repeats (51.6%), followed by di-(44.2%), tetra-(3.9%), and pentanucleotide motifs (0.3%) ( Table 1) . The most abundant dinucleotide motif detected was AC that accounted for 21.1% of the total of all SSRs, followed by AT (17.2%), and AG (4.6%). The AAT motif was the most plentiful trinucleotide repeat type with 29.5% of the total SSRs, followed by ACG (7.1%), CCG (6.5%), and AGC (3.6%).
Development, screening, and polymorphism of SSRs
Of the 257 SSR containing contigs, 223 contigs with di-or trinucleotide motifs were used for the development of SSR primers. In the process of designing primers, the contigs having a too short (generally <40 bases) flanking sequence on either side of the SSRs were excluded. Sixty two (28%) of 223 contigs used for primer design were dropped from the list of contigs containing SSRs because of their short flanking regions. As a result, a total of 128 primer pairs (57%) were successfully designed in three groups according to their expected product sizes for facilitating multiplex marker survey (see Supplementary data, 1 Table S1 ). Thirty-six primer pairs were designed for expected product size between 100 and 170 bp, 55 for product size between 190 and 250 bp, and 37 for product size between 280 and 400 bp (Table S1) .
Of the 128 soybean aphid SSRs designed, 120 (94%) produced SSR alleles with the expected PCR product sizes in at least two of the three soybean aphid pooled population sets (OH, IL, or MN) (described in Materials and methods) used for the initial evaluation of SSRs primers. However, the remaining eight primers did not generate the desired amplification products in any of the samples despite of retests under modified PCR conditions (Table S1 ). Also, 82 (68%) of the 120 primers produced a single PCR band (allele) for each aphid sample, whereas 36 primers generated two PCR bands each and only 2 primers (Ag-SSR39 and Ag-SSR87) produced three PCR bands. One of the three PCR bands for these primers was much fainter than the other two bands, and we think the faint band was due to nonspecific PCR amplification. Thirty-six primers produced two bands most probably owing to the fact that pooled DNA from multiple aphids constituted each of three DNA templates for PCR.
Each of the 82 SSR loci that produced single bands is believed to be in homozygous states in the three populations used in this study. The single PCR product for a primer pair in all three aphid samples did indicate locus specificity in a homozygous allelic state. The primers that produced two bands each in one or more aphid samples probably represent SSR loci that were in heterozygous states in at least some individual aphids whose DNA were pooled to create the bulk DNA sample for the initial screening. The proportion of the primers with multiple products in each of two motif types was almost the same: 33% and 32% for di-and trinucleotide motifs, respectively. In this SSR marker test on three soybean aphid samples from three states, a total of 24 SSR (20%) were polymorphic (Table S1 ).
The results of multiple alignments of nucleotide sequences derived from PCR products amplified with two SSR markers in aphids from four locations are presented in Fig. 1 . Both OH and ON samples had 9 AT repeats for the Ag-SSR44, whereas IL and MN both had 11 AT repeats. For Ag-SSR109, IL aphids had two more ATT motif units than the other three aphids. These length variations corresponded with the results of the allele-sizing analysis for the two SSRs. Therefore, the alignment of the sequences revealed that allele size variations were due to the differences in the number of repeat motif for the two SSR markers.
Genetic relationship among soybean aphids from OH and SD
The 24 SSRs markers showing polymorphism in the initial screening among three soybean aphid pooled population sets were used to evaluate the genetic diversity and relationship among the 24 soybean aphids collected from OH and SD, 12 samples from each state. A total of 52 alleles were generated from 24 SSRs with a mean of 2.17 SSRs per locus. The mean expected heterozygosity (H e ) was 0.22 for OH samples, ranging from 0 to 0.52. The mean H e for SD samples was 0.4, ranging from 0 to 0.62 (Table 2) . The OH population showed evidence of Hardy-Weinberg disequalibrium, as expected from a laboratory population that was isolated from field samples since 2005. More importantly, no loci showed evidence of non-neutral evolution in the field-collected SD population. The PIC values for OH samples ranged from 0 to 0.5 with a mean of 0.21, whereas the PIC values for SD samples ranged from 0 to 0.58 with a mean of 0.38. At a cutoff point of 0.94 similarity, the clustering analysis of the SSR data placed all 12 OH individuals into one distinct group (group A) with one individual from SD (SD2) included in the group (Fig. 2) . Eight individuals from OH were identical in subgroup a1 and three were identical in subgroup a2. These two subgroups differed only in one of the 24 SSR loci. Only one individual (OH8 in subgroup a3) differed from the other 11 samples (Fig. 2) . OH8 differed from subgroups a1 and a2 for alleles from two SSR loci (data not shown). At the same cutoff level, the remaining 11 individuals from SD formed nine clusters (Fig. 2) . Only two of the clusters had two individuals each and the rest had a single individual. Therefore, these SSR data indicate very low levels of genetic diversity among the OH aphids, but a relatively higher level of diversity among the SD aphids used for cluster analysis. This was expected because similar to the HardyWeinberg analyses, the 12 OH individuals came from a laboratory population. Little genetic diversity was expected among the individuals in a laboratory population started from a limited number of individuals all collected from a field in OARDC, Wooster, Ohio, in 2005. The 12 SD individuals, however, were from a 2009 field collection of thousands of aphids. Thus, the higher level of genetic diversity found among these 12 SD individuals was expected. Hence, the clustering results suggest that the SSR markers developed in this study can differentiate among soybean aphid collections. These markers should be particularly useful for genetic differentiation among aphids collected from soybean fields at different localities and states. These SSR markers provide the soybean aphid research community with the first set of PCRbased codominant markers developed from the genomic sequences of A. glycines.
Discussion
Development of soybean aphid SSR markers Molecular marker development for the soybean aphid has been constrained by a lack of genomic resources. Hence, Michel et al. (2009) tested previously developed 18 microsatellite loci from two other species, cotton aphid (Aphis gossypii Glover) and black bean aphid (Aphis fabae Scopoli), to identify polymorphism and differentiation among Korean and North American soybean aphid populations. They found that nine loci were polymorphic in four A. glycines populations. In our study, however, a total of 308 SSRs were detected and 128 genomic SSR markers were developed from 1240 contigs with a minimum contig length of 500 bp soybean aphid genomic sequences. The length of contigs generated, based on short sequence reads, depends on the depth of genome coverage (Farrer et al. 2009 ). Therefore, to accomplish a more comprehensive development of SSR markers set via de novo sequencing, a sufficient depth of genome coverage is needed.
The most abundant dinucleotide repeat motif identified was the AC type, whereas the frequency of the CG type was relatively lower than the other three motif types. These re- sults are consistent with the phenomenon that the AC repeat motif is the most abundant dinucleotide motif in vertebrates and arthropods, and where the CG is very rare (Cruz et al. 2005; Mun et al. 2006; Tóth et al. 2000) . The AAT is the most frequent trinucleotide motif among the genomic SSRs detected in this study. Similarly, this motif has been found to be a very common trinucleotide repeat in the genomes of animals and plants. Generally, the AAT motifs are mostly located in nontranslation regions (e.g., intron or 3′-UTRs) of most species, whereas they are seldom observed in exons (Li et al. 2004; Wang et al. 2009; Tóth et al. 2000) . The (G + C)-rich motifs (e.g., CCG and AGC) that are dominant in exons comprised about 10% of the total SSRs detected.
Evaluation of polymorphism and genetic diversity across aphid samples
This is the first time that SSR markers have been developed from the genomic resource specific to the soybean aphid. A total of 128 genomic SSRs were tested for functionality as a marker in three soybean aphid pooled population sets from three states. A high percentage (94%) of the primer pairs generated SSR bands with nearly the expected allele size, indicating very small variation in flanking sequence on either side of the SSRs across three soybean aphids. In other words, eight SSRs (6%) failed amplifications across all samples, revealing the possibility of the existence of null alleles, which may be due to mutation at the primer binding sites (Pemberton et al. 1995) . However, the rate of polymorphic SSRs was very lower (20%) than other recent reports. Sethy et al. (2006) reported 40%-60% polymorphism detected by genomic SSRs developed from chickpea, and Saha et al. (2006) also reported high polymorphism rate of genomic SSRs for four grass species using the parents of mapping populations; tall fescue (68%), ryegrass (Lolium multiflorum Lam.) (46%), wheat (Triticum aestivum L.) (39%), and rice (Oryza sativa L.) (34%). The low polymorphism rate of SSRs developed in our study is probably owing to (i) a small number of samples tested and (ii) the population bottleneck during the very recent soybean aphid invasion of North American in 2000. The popular perception is that soybean aphid colonization of North America possibly started from a single introduction of the aphid a few years before 2000 in the Great Lake region (Ragsdale et al. 2004 ). Of 128 SSRs tested, a total of 18 SSRs containing compound repeat motifs were detected (Table S1 ). Interestingly, 6 (33.3%) of 18 SSRs were polymorphic, which rate was nearly double compared wih the polymorphism rate (16.4%) of SSRs with noncompound type. Although compound repeats in general have not been well characterized, this result can give useful information to develop more polymorphic SSR markers.
Although the genome size of the soybean aphid has not been determined yet, an approximate 500-Mb genome size could be estimated based on the C-values (0.49-0.67) of other Aphis species obtained from the Animal Genome Size Database (http://www.genomesize.com/). Generally, to develop well-distributed SSR markers across a small size genome, genomic SSRs have been preferred owing to their high values both of frequency and polymorphism than ESTSSRs. Therefore, in this sense, our study would be a milestone in the comprehensive development of SSR markers specific to the soybean aphid. Moreover, the fact that new soybean aphid SSRs were developed without a previous reference sequence will provide valuable information to researchers studying species without significant molecular resources.
